A factorial mating design, using three male-sterile F 1 lines in testcrosses with a sample of open-pollinated (OP) onion populations, was used to estimate combining abilities and heterosis for bulb yield, size, storage ability, pungency, soluble solids content (SSC), and water loss after 3 months in storage. Samples of testcross bulbs were flowered and scored for fertility to estimate frequencies of the nuclear allele maintaining cytoplasmic male sterility. General combining ability (GCA) estimates for OP populations (males) were significant (P < 0.05) for yield, SSC, and proportion of bulbs with diameters >7.5 cm. GCA estimates for female testers were significant for storage ability and proportion of bulbs with diameters <5.0 cm. Male × female interactions (specific combining ability estimates) were significant for SSC and storage ability. Our analyses did not reveal any storage population from which inbreds would likely yield significantly better with the male-sterile tester lines. Spanish OP populations tended to produce testcrosses with larger bulbs, lower pungency and SSC, and poorer storage ability. Heterosis estimates were most often significant for yield and SSC; less often for pungency, storage ability, and bulb size; and not significant for water loss in storage. Overall, significant GCA estimates indicate that superior onion inbreds and populations may be developed using recurrent-selection strategies that increase the frequency of desirable alleles with additive effects.
The bulb onion (Allium cepa L.) is an outcrossing diploid (2n = 2x = 16) biennial vegetable that shows severe inbreeding depression (Havey, 1993b; Jones and Davis, 1944) . Historically, onion populations were maintained by open pollination, and considerable phenotypic variation exists for size, shape, pungency, soluble solids content (SSC), and sulfur content of bulbs; skin and flesh color; maturity; storage ability; and bulbing response under different day lengths (Magruder et al., 1941; Randle, 1992a Randle, , 1992b . Onion resembles maize (Zea mays L.) in that it is diploid and predominately outcrossing and shows inbreeding depression. Heterotic groups in maize were established by relating combining abilities among inbreds of known genetic backgrounds (Hallauer and Miranda, 1981) . The question arises whether crossing among onion populations would reveal groups that show significantly greater heterosis for economically important traits.
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and Pathak, 1991; Joshi and Tandon, 1976) . Enzymatic pyruvic acid concentration, as a measure of pungency, and SSC were primarily determined by additive gene action with sporadic dominance effects (Lin et al., 1995; McCollum, 1968; Simon, 1995) .
Significant heterosis over open-pollinated (OP) populations or the better inbred parent has been reported by Hosfield et al. (1977b) , Jones and Davis (1944) , and Joshi and Tandon (1976) . However, Dowker and Gordon (1983) noted that heterosis estimates in onion often compare the performance of hybrids with those of inbreds, and that hybrids may not always yield significantly greater than the best commercial OP cultivar.
Onion germplasm has not been evaluated systematically for heterotic response. In a previous study, we identified random nuclear restriction fragment length polymorphisms (RFLPs) and calculated similarities based on shared polymorphic fragments among OP onion populations. We demonstrated that long-day (LD) storage populations are closely related and represent a derived group likely selected from populations that bulb under shorter day lengths (Bark and Havey, 1995) . The paucity of unique fragments and relatively few RFLPs among OP populations indicated that phenotypic variations (e.g., day-length response, bulb color, or storage ability) do not reflect diverse sources of onion germplasm. We concluded that, because of a relatively narrow genetic background, LD storage onions may benefit from crossing among divergent types to broaden their genetic base and develop new populations.
Since the classic paper by Jones and Davis (1944) demonstrating inbreeding depression and recovery of vigor after crossing among inbred lines, there has been significant effort in the public and private sectors to develop hybrid onion cultivars (Havey, 1991 (Havey, , 1993b . Some production areas still grow mainly OP populations, due to predominance of S cytoplasm (Havey, 1993a; Havey and Bark, 1994) , high frequencies of the dominant allele at the nuclear fertility-restoration locus (Jones and Clarke, 1943) , or higher cost of hybrid seed (Currah and Proctor, 1990) . To help develop superior onion hybrids, we undertook this study to identify OP populations that combine well with male-sterile lines from 'Downing Yellow Globe' (DYG). Although other researchers have undertaken studies similar to ours, they used inbreds (Hosfield et al., 1976 (Hosfield et al., , 1977a (Hosfield et al., , 1977b , crossed to sterile lines unadapted to the specific growing region (Joshi and Tandon, 1976) , or evaluated short-day (SD) germplasm not related to the LD storage populations grown in the United States (Aghora and Pathak, 1991; Joshi and Tandon, 1976) .
Materials and Methods
The origins of 14 OP onion populations (Table 1) were previously reported (Havey, 1993a) . Three male-sterile F 1 lines were chosen as seed parents for testcrosses [(B3350A x B2352B), (B1731A x MSU5785B), and (MSU611-1A x MSU611B)]. The six inbreds used to generate these three male-sterile F 1 parents were all derived from self-pollination of single bulbs from the OP population 'Downing Yellow Globe'. This population has been a primary source of publicly released sterile lines (Havey, 1991) , likely due to the high frequency of the recessive allele (ms) at the nuclear fertility-restoration locus (Jones and Clarke, 1943) and the location of U.S. public onion-breeding programs in the upper midwestern United States (Iowa, Michigan, and Wisconsin) (Havey, 1991) . We grew bulbs of the OP populations and F 1 females at Palmyra, Wis., and stored the harvested bulbs for 7 months at 4 °C. In April of the following year, bulbs were randomly sampled (numbers in Table 1 ), cut (Wilson, 1932) , and planted in 4 × 8-m mesh cages. Bulbs of the three F 1 male-sterile lines were similarly grown, stored, cut, and caged with the bulbs from the OP populations, and flowers were examined to establish male sterility. At anthesis, honey bees were placed in each cage for pollination. Seeds were harvested separately from the three F 1 male-sterile lines and the OP population.
In 1992 and 1993, seed from testcrosses and parents (OP populations and F 1 females) were overseeded at Palmyra in 2-m rows and replicated three times in a randomized complete-block design. Individual plots were planted end-to-end to avoid border effects, and blocks were surrounded by guard rows sown with the hybrid 'Spartan Banner 80'. Plots and borders were hand thinned 40 days after planting to 40 plants/m. Pesticides chlorpyrifos (onion-maggot control) and thiram (smut control) were applied at recommended rates. Normal commercial production practices were used throughout the summers, except that the plots were not sprayed with the sprout inhibitor MH30.
Each plot was harvested (123 and 139 days after planting in 1992 and 1993, respectively), and bulb fresh weight, number, and size Table 1 . Origins of open-pollinated populations of onion, numbers of bulbs used for increases and testcrosses, and frequency of the recessive allele maintaining cytoplasmic male sterility. classes (<5.0, 5.0 to 7.5, and >7.5 cm in diameter) were determined. Bulbs were stored at 4 °C and rated on the first of January through May for rotting or sprouting (appearance of a green shoot from neck of stored bulbs). Regressions were fit to the cumulative number of sprouting or rotting bulbs and used to estimate the number of days to 25% sprouted or rotted bulbs. After 3 months of storage, five-bulb samples from each plot were combined and evaluated for pungency (expressed as µM pyruvate/ml of onion juice) (Randle and Bussard, 1993b) , SSC (Mann and Hoyle, 1945 ) measured with a hand-held refractometer (Kernco, Tokyo, Japan), and percentage water loss. Samples of bulbs from testcrosses were combined, cut, planted, and rated for male fertility to estimate the frequency of the nuclear allele maintaining cytoplasmic male sterility (Jones and Clarke, 1943) in each OP population. Testcross performance was analyzed as a factorial design with environments (Hallauer and Miranda, 1981) yielding GCA and SCA estimates for each trait. Years and blocks were considered random with blocks nested within years. The inbreds used to produce the male-sterile F 1 parents were considered random; but because DYG was the source population for the inbreds, female effects were fixed and test inferences limited to the DYG population. The OP populations used as pollenizers were considered to represent long-day germplasm and their effects as random. Analyses of variance were performed for each trait using SAS (Cary, N.C.) Expected mean squares and appropriate tests of significance are shown in Table 2 . Significant F tests for males and females were interpreted as significant GCAs among OP populations and DYG-derived females, respectively. A significant F test for the male (M) × female (F) interaction (SCA) was interpreted as differential performance among the individual crosses not explained by GCA (inferences from the M × F test were restricted by fixed female effects) and evidence of heterotic groups in onion. For significant male F tests, single-degree-of-freedom contrasts examined the effects of divergent pedigree on GCA, comparing among storage ('Rijnsburger' or 'Sapporo-ki' vs. U.S. storage populations and Australian Brown vs. other U.S. storage populations) and Spanish ('Colorado no. 6' vs. other Spanish populations) or storage vs. Spanish germplasm (designated as in Table 1 ). 'Rijnsburger' (Holland) and 'Sapporo-Ki' (Japan) are storage populations related to U.S. LD storage onions (Bark and Havey, 1995) . Australian Brown is a storage population adapted to intermediate-day production regions (35-38N) in central California (Magruder et al., 1941) . For Spanish OP populations, Colorado no. 6 is a direct selection out of 'Valencia Grano' and is a late-maturing type grown in the Arkansas valley of Colorado (Colorado Expt. Station, 1935) . The other strains of Spanish onions ('Peckham', 'Valencia', and 'Winegar') are selections grown in the Treasure valley of Idaho, and may have been derived from crosses among Spanish populations and the storage population 'Mountain Danvers'.
Heterosis was detected by comparing the mean performance of the three testcrosses to those of the OP populations and female testers for the bulb traits described above.
Results and Discussion
The growing conditions over the 2 years of this study were different; 1993 was extremely wet with 86 cm of rainfall for May through September compared to 45 in 1992. Temperatures were comparable, except that September averaged 5 °C cooler in 1993 than in 1992. These environmental differences resulted in poor maturity in 1993 for testcrosses with relatively late populations such as 'Sweet Spanish Colorado no. 6' and 'Winegar'. Significant M × year (Y) interactions were observed for all traits except water loss in storage (Table 3 ). The only significant F × Y interaction was SSC. The M × F × Y interactions were significant for yield, pungency, SSC, and proportion of bulbs with diameters of 5 to 7.5 cm. The prevalence of interactions over years confirms the need for multi-environment testing of onion cultivars. Significant (P < 0.01) phenotypic correlations were observed between pungency and SSC (0.19), similar to 0.14 reported by Randle and Bussard (1993a) for SD germplasm and lower than the correlations of about 0.50 reported by Lin et al. (1995) and Schwimmer and Guadagni (1962) , and between solids and days to 25% sprouted or rotted bulbs (0.41), agreeing with Foskett and Peterson (1950) . We did not detect significant correlations between bulb size and either SSC (McCollum, 1968) or storage ability (Jones and Bisson, 1934) , indicating that larger bulbs did not necessarily store more poorly or have lower solidity. Bulb size is known to be largely environmentally determined (McCollum, 1968) ; although earlier-maturing populations (e.g., AB, SKI, SYG, and YGD) tended to produce smaller bulbs (Table 4) . We attempted to reduce environmental effects on bulb size by overseeding and thinning to an even stand, but still experienced large coefficients of variation (Table 3 ). Significant (P < 0.05) differences were detected among males (GCA estimate) for yield, SSC, and proportion of bulbs >7.5 cm in diameter; among females for SSC and proportion of bulbs <5.0 cm in diameter; and M × F interactions (SCA) for SSC and storage ability (Table 3) . Other researchers have reported significant GCAs and insignificant or highly variable SCAs among onion inbreds and populations for yield and bulb-quality traits (Hosfield et al. 1976 (Hosfield et al. , 1977a (Hosfield et al. , 1977b Joshi and Tandon, 1976) . However, our results may have been affected by using populations as males in the testcrosses with related female lines. OP onion populations possess many heterozygous loci as evidenced by random nuclear RFLPs (Bark and Havey, 1995) and severe inbreeding depression (Jones and Davis, 1944) . If heterosis in onion were due to repulsion-phase linkages among loci showing dominance, using heterozygous OP populations as pollenizers would generate progenies with the beneficial heterozygous and less-desirable homozygous genotypes, reducing our ability to detect the heterozygote advantage. Additionally, our use of related female lines may have reduced differences among the three testcrosses for each male.
Heterosis was counted only in those cases where the mean of three testcrosses was significantly greater than the means of the OP (Table 4) . Yield heterosis was significant for 7 and 11 of 14 comparisons for males and females, respectively. Testcrosses with BYG, DYG, EYG, and OD yielded significantly greater than the OP population per se (Table 4) . Spanish OP populations tended to produce testcrosses with larger bulbs, lower pungency and SSC, and poorer storage ability (Table  4) . For SSC and storage ability, testcrosses were generally intermediate between the OP populations and female lines contributing to the significant GCA estimates. Storage abilities of OP populations and testcrosses were always less than the female testers, which had been selected for long dormancy in storage (Havey 1991) . The pungency of testcrosses tended to be equivalent to the most pungent parent. Importantly, testcrosses produced fewer bulbs discarded because of small size (<5.0 cm in diameter), but showed no consistent trend to produce the largest (>7.5 cm) bulbs. Overall, our results using OP populations and those of Hosfield et al. (1976 Hosfield et al. ( , 1977a Hosfield et al. ( , 1977b using inbreds provide little to no support for significant SCAs or heterosis for pungency and bulb size in onion. Our results agree with previous studies demonstrating significant GCAs for yield and SSC among onion inbreds and populations (Aghora and Pathak, 1991; Hosfield et al., 1976 Hosfield et al., , 1977a Hosfield et al., , 1977b Joshi and Tandon, 1976; Lin et al., 1995; Simon, 1995) . One would expect that recurrent selection schemes, such as S 1 or half-sib family selection, would produce superior populations for these traits. Dowker et al. (1984) subjected European onion populations to S 1 and half-sib recurrent selection and observed improved bulb quality with no apparent yield reduction. To date, most publicly developed onion inbreds have been selected from OP populations or segregating families from crossing two inbreds (Havey, 1991) . Because each of the 14 populations possessed the recessive allele that allows seed propagation of sterile lines in S cytoplasm (Table 1) , superior onion inbreds may be successfully developed from populations subjected recurrent-selection strategies that increase the frequency of desirable alleles with additive effects.
